INTRODUCTION
============

Although modern electronics is based predominantly on semiconducting materials ([@R1], [@R2]), electronic circuits can also be prepared from conductors confined to nanoscopic dimensions ([@R3]--[@R5]). For instance, in films of metallic nanoparticles (NPs) functionalized with charged organic ligands ([@R6]), the flow of electrons through the jammed metal cores can be modulated by the concentration gradients of the surrounding mobile counterions ([@R7]). In our previous works ([@R7], [@R8]), we showed that when thin layers (\~0.5 μm) of oppositely charged NPs are stacked, counterion concentration gradients near the interfacial region give rise to an internal electric field, allowing these sandwich structures to act as diodes and integral components of all metal-NP circuits capable of processing both electronic and chemical signals. Although these "chemoelectronic" circuits offer mechanical flexibility and the ease of "green" fabrication (i.e., the NPs themselves are environmentally benign and the particle layers are simply cast from alcoholic solutions under ambient conditions), lamination of bilayer NP diodes without shorting may be challenging, while their current rectification performance is limited by the bilayer thickness and by the degree to which counterions near the interfacial region can interdiffuse to set up local concentration gradients. In an effort to make these gradients steeper, and the rectification ratios of the diodes higher, one has to consider two effects: On one hand, it is desirable to "strip" from the NPs as many counterions as possible, and on the other hand, concentrating these counterions in some regions of the NP layer between impenetrable solid electrodes is energetically unfavorable. We hypothesized that these opposing tendencies can be reconciled by changing not the properties of the particles (as we attempted earlier) but of the electrodes flanking them. In particular, if one of these electrodes were made porous, then it could absorb more counterions with much less energetic penalty. Here, we verify this hypothesis and demonstrate that significantly more robust and efficient current rectification can be achieved with NPs of only one polarity but sandwiched between asymmetric electrodes, one of which is highly porous and can act as counterion "sink" ([Fig. 1A](#F1){ref-type="fig"}). Compared to the earlier bilayer designs (see fig. S4), our one-NP-type diodes exhibit significantly higher rectification ratios (\~50 versus \~5 before) with shorter response times (tens versus hundreds of milliseconds to reach steady-state values). On the basis of these properties, we demonstrate a half-wave metal NP--based rectifier with which we intercept, demodulate, and converted into sound 510-kHz radio signals (e.g., some of Mozart's compositions in supplementary audio files). Beyond current work, the ability to interface radio signals with counterion motions can provide new means to study the dynamics of ionic atmospheres and to probe reactions \[affecting these counterions ([@R8])\] on and around charged nano-objects.

![Device architecture and its current rectification characteristics at steady state.\
(**A**) Scheme of the device in which a \~1-μm-thick layer of AuNPs functionalized with charged HS-(CH~2~)~11~-N(CH~3~)~3~^+^Cl (TMA) ligands is flanked by a gold electrode and a porous CNT/graphene electrode. The SEM image shows the microstructure of the CNT/graphene electrode. The scheme of the NP and of the individual thiol (along with the mobile counterion) is also shown. (**B**) Typical current-voltage characteristics of the device collected at a sweep rate of 0.01 V/s. With a positive bias placed on the CNT/graphene electrode, the current increases rapidly and the rectification ratio (*r* = *I*~+\ 1\ V~/*I*~−\ 1\ V~) reaches \~30. (**C**) Linear current-voltage characteristics recorded for TMA AuNPs flanked by symmetric electrodes (Au-Au and CNT/graphene-CNT/graphene) and for protonated, electrically neutral MUA AuNPs flanked with asymmetric, Au-CNT/graphene electrodes. (**D**) Current-voltage characteristics for devices varying in the thickness of the CNT/graphene electrode (from \~20 to \~80 nm). Error bars are based on six independent devices. The curves were normalized to have the same current at −1 V. (**E**) Plotted corresponding rectification ratios.](aau3546-F1){#F1}

RESULTS
=======

To fabricate "one-NP-type diodes," a thin, \~500-nm layer composed of AuNPs 5.6±0.8 nm in diameter and covered with a shell of positively charged *N*,*N*,*N*-trimethyl(11-mercaptoundecyl)ammonium chloride (HS-C~11~NMe~3~^+^Cl^−^; TMA) ligands ([@R6], [@R9]) was cast from methanolic solution against a nanoporous electrode made of single-walled carbon nanotubes and graphene (CNTs/graphene) ([Fig. 1A](#F1){ref-type="fig"}). The electrode itself was made by filtering an aqueous dispersion of 0.001 weight % (wt %) graphene and 0.002 wt % single-walled carbon nanotube (SWNT) solutions through a mixed cellulose ester (MCE) polymeric membrane (0.22 μm, 40 mm in diameter), washing and transferring the as-prepared film from this membrane onto a silica substrate, and annealing at 300°C to remove extra solvent, ultimately producing a porous layer (depending on the volumes of solutions used, \~20 to 80 nm thick; see fig. S1B) shown in the scanning electron microscopy (SEM) image in the bottom left part of [Fig. 1A](#F1){ref-type="fig"} (also see fig. S1A) ([@R10]). A \~500-nm film of TMA AuNPs was also deposited onto a 40-nm-thick film of gold e-beam evaporated on a silica substrate. CNT/graphene//Au TMA and Au//Au TMA NP films were then laminated face-to-face, and the entire assembly was encased in polydimethylsiloxane (PDMS). All measurements were performed in a hermetically sealed, homemade Faraday cage using a computer-interfaced Keithley 6517 high-precision electrometer. For further synthetic and fabrication details, see the supplementary materials.

The current-voltage (*I*-*V*) characteristics plotted in [Fig. 1B](#F1){ref-type="fig"} evidence that the CNT/graphene//Au TMA//Au laminate rectifies current efficiently, with rectification ratios *r* = \|*I*~+\ 1\ V~/*I*~−\ 1\ V~\| around 30 at both fast (100 mV s^−1^) and slow (1 mV s^−1^) sweep rates. The presence of counterions is essential to achieve rectification, as *r* = 1 when AuNPs functionalized with neutral ligands are used \[see the red line in [Fig. 1C](#F1){ref-type="fig"} for protonated 11-mercaptoundecanoic acid (MUA) ligands\] or when CNT/graphene and Au electrodes are put in direct contact, without any NPs in between (fig. S2A). Furthermore, the fact that the electrodes are asymmetric is important (*r* = 1 for AuTMAs flanked by either two Au or two CNT/graphene electrodes; see black and blue lines in [Fig. 1C](#F1){ref-type="fig"}) and so is the porosity of the CNT/graphene electrode. When the thickness of the porous CNT/graphene film is increased from \~20 to \~80 nm, *r* increases from \~5 to \~50 ([Fig. 1](#F1){ref-type="fig"}, D and E). As we will see later in the text, this trend reflects the degree of absorption of Cl^−^ counterions in high-capacitance (\~180 F/g; see fig. S1, C and D), equipotential CNT/graphene films ([@R11], [@R12]). We observe that despite having no "p-n" junction or intrinsic internal electric field ([@R13]), the rectification ratios in our devices are \~5 to 10 times higher than in diodes formed by laminating thin layers of oppositely charged AuTMA and AuMUA NPs ([@R8]). These ratios are achieved within tens of milliseconds upon reversal of bias ([Fig. 2A](#F2){ref-type="fig"}), that is, on time scales comparable to conductive polymers ([@R14], [@R15]) but significantly slower than microseconds for Si-based diodes, and are then stable for as long as 50 days ([Fig. 2](#F2){ref-type="fig"}, B and C, and fig. S2B). The diodes that we describe are also mechanically sturdy and continue to operate when bent (see fig. S3).

![Time-dependent performance characteristics of AuNP-based rectifiers.\
(**A**) Current transients monitored upon inverting the bias from +1 to −1 V at frequencies of 1, 10, and 50 Hz (square wave, light blue curve). Rectification ratios increase to steady-state values within tens of millseconds (red curve, right axis). (**B**) Current monitored for 300 s upon stepping the bias from 0 to +1 or −1 V. The rectification ratio is plotted by dividing the currents at +1 and −1 V (red curve, right axis). (**C**) Rectification ratio quantified over much longer times, up to \~50 days. (**D**) Diagram of a half-wave rectifier circuit composed of a NP-based rectifier, a resistor, and an AC signal generator. (**E**) Performance of this half-wave rectifier circuit (*R* = 1 megohm) with sinusoidal voltage signals with varying frequencies as inputs (*V*~input~, black curve). As frequency increases from 1 to 5000 Hz, the rectification ability diminishes and \|*V*~max~/*V*~min~\| decreases from \~11 to \~5 (*V*~output~, red curve). (**F**) The rectification ratio decreases exponentially with increasing frequency, although it is still present at 500 kHz (*r* = 1.6). The thickness of CNT/graphene electrodes used in (A), (B), (C), and (E) is \~60 nm.](aau3546-F2){#F2}

With our ultimate objective in mind to interface the charged AuTMA NPs with radio signals, we integrated CNT/graphene//Au TMA//Au rectifiers into a half-wave rectification circuit with a single-phase supply ([Fig. 2D](#F2){ref-type="fig"}). A typical half-wave rectification effect, in which the positive halves are passed while the negative halves are blocked even at kilohertz frequencies, is illustrated in [Fig. 2E](#F2){ref-type="fig"}. We observe that the peak values of output voltage remain unchanged (\~0.38 V) when frequency increases but are lower than the 1-V input value because the device has internal resistance (approximately megohm with microampere forward current) comparable to the external load (1 megohm). Although the rectification ratios at peak voltages, ± 0.38 V, decrease with frequency exponentially ([Fig. 2F](#F2){ref-type="fig"}), *r* = 1.6 is still maintained at 500 kHz.

On the basis of these characteristics, we assembled a radio wave receiving circuit ([Fig. 3A](#F3){ref-type="fig"}) in which the audio signal (generated by iPhone; [Fig. 3B](#F3){ref-type="fig"}, left) carried by a 510-kHz amplitude modulation (AM) radio wave (produced by the homemade transmitting circuit; [Fig. 3B](#F3){ref-type="fig"}, middle) was intercepted, demodulated, and finally converted into the sound signal by the receiving circuit on the basis of the CNT/graphene//Au TMA//Au rectifier ([Fig. 3B](#F3){ref-type="fig"}, right). Two audio waveforms were recorded (Mozart's Turkish March in [Fig. 3C](#F3){ref-type="fig"} and Symphony No. 40 in [Fig. 3D](#F3){ref-type="fig"}; see audio files in the supplementary materials) demonstrating that this system could function as a qualified detector (although sound quality could, no doubt, be improved). In a control experiment, the sound signal disappeared completely when the NP-based rectifier was replaced by a resistor with similar resistance.

![NP-based radio receiver.\
(**A**) Diagram of a radio wave receiving circuit composed of a NP-based diode, an antenna, a varactor, an electromagnetic coil, and an earphone. A one-tube medium-wave continuous wave (CW)/AM transmitter was assembled in-house to generate carrying waves. (**B**) A photograph of an actual experimental setup in which audio signals carried by a 510-kHz AM radio wave (produced by the transmitting circuit) were intercepted, demodulated, and finally converted into sound by the receiving circuit. (**C** and **D**) Examples of two audio waveforms (Mozart's Turkish March and Symphony No. 40) recorded by the NP-based receiving circuit with an \~80-nm-thick CNT/graphene composite electrode. Audio files are included in the supplementary materials. Photo credit: Y. Yan, National Center for Nanoscience and Technology, Chinese Academy of Sciences.](aau3546-F3){#F3}

DISCUSSION
==========

Of course, a limitation of the current setup compared to analogous semiconductor devices is that the rectification ratio vanishes for megahertz waves. To elucidate the origin of this limitation, and possibly remedy it, it is important to understand the physical phenomena enabling current rectification. To this end, we adapted a continuum charge transport model combining of Poisson and Nernst-Planck diffusion equations ([@R7]). In this model (see section S2 for equations and additional details), both mobile counterions and conduction electrons---but not the jammed NPs---can migrate in response to local electric fields and concentration gradients. However, while the conduction electrons can flow freely in and out of the NP layer at either electrode, the counterions can only move into the CNT/graphene electrode. Moreover, within the NP layer, the motions of ions and electrons are related to each other such as to maintain local charge neutrality. The calculated concentration plots shown in [Fig. 4](#F4){ref-type="fig"} (A and B) are evidence that mobile counterions migrate into the porous electrode to a significantly larger extent under positive versus reverse bias. This asymmetry is reflected in the differences in the steady-state spatial distributions of conduction electrons (*n*~e~) ([Fig. 4C](#F4){ref-type="fig"} and fig. S5, A and B), potentials (*u*) ([Fig. 4D](#F4){ref-type="fig"} and fig. S5, C and D), and electric fields (*E*) ([Fig. 4E](#F4){ref-type="fig"} and fig. S5, E and F). Consequently, it influences transport of electrons between neighboring NPs (see below) and ultimately results in current rectification \[see *I*-*V* characteristics in [Fig. 4F](#F4){ref-type="fig"} versus [Fig. 1](#F1){ref-type="fig"} (B and D) and transient current responses in [Fig. 4G](#F4){ref-type="fig"} versus [Fig. 2B](#F2){ref-type="fig"}\]. The model also captures the increase in the rectification ratio with increasing thickness of the CNT/graphene electrode ([Fig. 4H](#F4){ref-type="fig"}); this trend is due to the fact that as more counterions can diffuse into thicker electrodes, the steepness of ionic gradients and the magnitude of the electric field in the NP films both increase (see also fig. S6). For detailed comparison between theory and experiment, see fig. S7.

![Theoretical description of the NP-based rectifiers.\
Time-dependent distribution of Cl^−^ counterions under positive bias placed on (**A**) CNT/graphene and (**B**) Au electrodes. Left: Black, CNT/graphene electrode. Right: dark yellow, Au electrode. Yellow lines, dimensionless concentration profiles of Cl^−^ as a function of time (from top to bottom, *t* = 0, 2 × 10^5^, 1 × 10^6^, and 2 × 10^7^). Concentration scale bars are plotted on the Au electrodes. When a positive bias is placed on CNT/graphene, counterions can migrate into this electrode because of its porous and capacitive characteristics. In contrast, with positive bias placed on the Au electrode, counterions cannot enter bulk gold and only accumulate at the electrode's surface. (**C**) Steady-state distributions of conduction electrons (*n*~e~), (**D**) electric potential (*u*), and (**E**) electric field (*E*) across the NP layer under positive bias on CNT/graphene (black curves) or Au (red curves) electrodes. Within the NP layer, ions and electrons move in concert to maintain local charge neutrality. (**F**) Dimensionless steady-state *I*-*V* characteristics of the rectifier. (**G**) Dimensionless time-dependent current characteristics with constant bias placed on either CNT/graphene or Au electrodes. (**H**) Modeled dependence of the rectification ratio on the thickness of the CNT/graphene electrode. The rectification ratios are quantified by dividing steady-state currents at dimensionless potentials +10 and −10. The dimensionless thickness indicated on the horizontal axis (80 to 320) corresponds to experimental thickness varying from 20 to 80 nm. For further details of the model, see section S2.](aau3546-F4){#F4}

The asymmetric nature of counterion gradients within AuTMA films postulated by the model was confirmed experimentally by two different techniques: Kelvin force microscopy (KFM) and energy-dispersive x-ray spectroscopy (EDS). Since visualization transverse to the plane of a thin NP film flanked from top and bottom by Au and CNT/graphene electrodes is not possible, we used a planar configuration in which a 500-nm-thick layer of our AuTMA NPs was applied onto a silica substrate (silicon with 500-nm SiO~2~ top layer) supporting a wet-transferred CNT/graphene electrode and an e-beam--evaporated Au electrode ([Fig. 5A](#F5){ref-type="fig"}). [Figure 5B](#F5){ref-type="fig"} gives the experimental KFM potential scans in the absence of bias (*V* = 0 V), under constant positive bias applied on the CNT/graphene electrode (*V* = +1.0 V), and under the same magnitude but negative bias applied on CNT/graphene (*V* = −1.0 V). As seen, the KFM scans for the film under bias feature discernible gradients; as quantified in [Fig. 5C](#F5){ref-type="fig"}, the gradient is steeper for *V* = +1.0 V, when negative Cl^−^ counterions can migrate toward and into the porous CNT/graphene electrode. Consequently, the magnitude of the electric field established inside the film is higher for the *V* = +1.0 V than for the −1.0-V bias ([Fig. 5D](#F5){ref-type="fig"}). These results agree qualitatively with the theoretical predictions in [Fig. 4](#F4){ref-type="fig"} (D and E, respectively). Still, the KFM measurements visualize the potential, but they do not provide any information about the chemical nature of the charged species involved in its creation. To unequivocally confirm the mobility of counterions, we obtained such information from EDS elemental mapping. As shown in [Fig. 6](#F6){ref-type="fig"}, on one hand, there are no systematic gradients in the concentrations of Au and S elements either in the absence or in the presence of bias, that is, the thiol-stabilized NPs do not move. On the other hand, gradients are observed under bias for Cl^−^; again, the gradient for the positive bias placed on the porous CNT/graphene electrode (rightmost image in [Fig. 6B](#F6){ref-type="fig"}) is more pronounced than when the bias is reversed and Cl^−^ ions migrate toward the Au electrode. More mapping results and accompanying time- and voltage-dependent counterion profiles are included in fig. S8.

![KFM potential scans over planar AuTMA films.\
(**A**) Scheme of the experimental arrangement and (**B**) actual experimental scans over the 50-μm gap between the CNT/graphene and Au electrodes. (**C**) Potential profiles over the gap under no bias (0 V, blue line), +1V bias placed on the CNT/graphene electrode (black line), and −1 V bias on the CNT/graphene electrode (red line). (**D**) Internal fields derived from the linearly fitted slopes of the profiles in (C). The magnitude of the field established when Cl^−^ counterions migrate toward and into the CNT/graphene electrode is larger. KFM measurements were performed on a Bruker Multimode-8 in the tapping mode with constant bias applied on CNT/graphene or Au electrodes.](aau3546-F5){#F5}

![EDS elemental distribution mapped over planar AuTMA films.\
The arrangement used for these measurements is the same as in [Fig. 5A](#F5){ref-type="fig"} for KFM. The distribution of Au, S, and Cl under no bias (**A**), +2-V (100 s) bias applied on the CNT/graphene electrode (**B**), and +2-V (100 s) bias applied on the Au electrode (**C**). The intense Au signal at the right parts of Au maps is due to the Au electrode under the NPs. The most pronounced concentration gradient is observed when Cl^−^ counterions move toward the CNT/graphene electrode \[rightmost image in (B)\]. Measurements were performed on a Hitachi SU8220 SEM using a Horiba EMAX x-ray detector.](aau3546-F6){#F6}

Going back to the theoretical model, it predicts *r* \~ 20 as opposed to *r* \~ 50 for 80-nm CNT/graphene electrodes. This discrepancy can be avoided by better accounting for the tunneling current between adjacent NPs. Specifically, according to the so-called Simmons model ([@R16]), the tunneling current density through a barrier between two adjacent NP cores can be expressed as *j* ∝ exp(− β*d*), where β is a structure-dependent attenuation factor and *d* is the edge-to-edge spacing between AuNP cores. For NPs capped with alkyl thiols, β is typically \~1.0 Å^−\ 1^ and *d* is \~15 Å for the TMA AuNPs (based on the core size determined by transmission electron microscopy and lattice size of the NP film by SEM; see also fig. S9, A and B) ([@R8], [@R17]--[@R19]). Under forward bias, the steady-state concentration of counterions within the NP layer is reduced by (on average) \~92.8% ([Fig. 4A](#F4){ref-type="fig"}); for the reverse bias, this value is \~26.4% ([Fig. 4B](#F4){ref-type="fig"}). Thus, the barrier height difference can be approximated as (92.8% − 26.4%) \* 1 eV = 664 meV, corresponding to \~25.8% difference in β (since $\beta \propto \sqrt{\varphi}$, where φ is the barrier height) and translating into the ratio of forward and reverse currents of 47.9, that is, close to the experimentally observed rectification ratio of \~50 (see also fig. S9, C to F).

CONCLUSIONS AND OUTLOOK
=======================

With these theoretical considerations at hand, we consider possible future improvements of the NP-based rectifiers by increasing the rectification ratio and/or by decreasing the "switching times." For the former, to increase the difference in the steepness of ionic gradients under forward versus reverse biases, one could use electrodes capable of adsorbing more counterions not only by making CNT/graphene films thicker but also by considering other porous, conductive, and high-capacitance materials such as porous carbon composites ([@R20], [@R21]), metallic nanostructures ([@R22]), or even metal-organic frameworks ([@R23]). One could also increase concentration of counterions either by decreasing NP sizes or by decorating the NPs with polyionic ligands ([@R24], [@R25]). Regarding the switching times, these depend on the time scale of counterions shuttling between two electrodes and scale approximately quadratically with the thickness of an NP layer (*t* ∝ *L*^2^) ([@R7]). A 10-nm-thick layer would then be expected to exhibit microsecond switching times comparable to silicon diodes. Unfortunately, making these thin NP layers without shorting the planar electrodes flanking them remains challenging. Still, these technical challenges do not seem insurmountable. Future effort in this area seems motivated not only by the ability to interface charged NPs with radio waves that we considered here but also with chemical inputs \[hence, the "chemoelectronics" term that we coined in ([@R8])\]; in particular, faster diodes can significantly accelerate the speeds with which chemoelectronic circuits process chemical inputs (previously on the time scale of only \~0.1 to 1 s). In addition, we envision various plasmonic ([@R26]), catalytic ([@R27]), magnetic ([@R28]), or bacteriostatic ([@R29]) applications capitalizing on properties unique to metal NPs and hard to achieve with materials used in traditional Si-based electronics.

MATERIALS AND METHODS
=====================

NP synthesis and functionalization
----------------------------------

Gold NPs were synthesized according to previously reported procedures ([@R6], [@R9]). AuNPs (5.6 ± 0.8 nm) covered with a shell of positively charged TMA ligands were prepared according to the procedure described in detail in section S1.

Fabrication of CNT/graphene electrodes
--------------------------------------

A vaccum-assisted filtration procedure was applied to fabricate the CNT/graphene electrodes ([@R10]). First, 0.002 wt % SWNT solution was prepared by dispersing 2 mg of SWNT powder (\>95 wt %) and 4 mg of SDS in 100 ml of deionized (DI) water under probe sonication (150 W, 1 hour). A 0.001 wt % solution of reduced graphene oxide was sonicated in a bath for 10 min. Five milliliters of 0.001 wt % graphene and 5 ml of 0.002 wt % SWNT solutions were then successively filtrated through a polymeric membrane (0.22 μm of MCE). The as-prepared composite film was washed with DI water at least six times and then transferred onto a silica substrate. A few drops of water were added onto the MCE membrane to make the film adhere to the substrate tightly. After evaporation of water, the MCE membrane was peeled off, and the film was then annealed at 300°C (30 min) to remove extra solvent. This protocol produced a composite film of \~20 nm in thickness. To prepare thicker films, the volume of SWNT solution was increased while the volume of graphene solution was kept constant.

Device fabrication
------------------

Gold electrodes (10 mm by 10 mm by 40 nm, with a 5-nm Cr adhesion layer) were deposited onto a silica substrate by e-beam evaporation through a shadow mask. The solutions of TMA AuNPs were drop casted onto gold and CNT/graphene electrodes separately to form \~500-nm-thick films. The as-prepared films were dried overnight and then laminated together with a face-to-face configuration. To prevent atmospheric humidity from influencing device performance, the devices were encapsulated in PDMS.

KFM and EDS measurements
------------------------

A AuTMA planar device was fabricated by drop casting a 500-nm NP film on a silica substrate supporting a wet-transferred CNT/graphene electrode and an e-beam--evaporated Au electrode. Both electrodes were 5 mm long, 50 μm wide, and 60 nm high and separated from each other by a \~50-μm gap. The KFM measurements were performed on a Bruker MultiMode 8 apparatus in the tapping mode. The electrodes were wired out and connected with a Keithley 2636B source meter. In the absence of bias, a selected area of \~95 μm by 20 μm was scanned in high resolution (for \~4 min). The bias was then applied on the CNT/graphene electrode (+1.0 V), and the surface potential measurement was started when the current became stable (\~2 min). The same procedure was conducted when the bias was applied on the Au electrode (−1.0 V). However, before applying bias on the Au electrode, the device was left for \~10 min with no bias applied, which was used to equilibrate the counterion gradient.

The device architecture used for EDS measurement was the same as for KFM. The device was first placed on a SEM sample stage. This stage was locked on the SEM holder in the sample exchange chamber. Constant bias was subsequently applied either on the CNT/graphene electrode or the Au electrode. After polarization, the leads were immediately peeled off and the chamber was pumped. Measurements were then performed on a Hitachi SU8220 SEM using a Horiba EMAX x-ray detector.
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